This study describes the effects of plant growth regulators, explants, and somatic embryogenesis on in vitro production of the steroidal sapogenin, diosgenin, in callus cultures of the Balanites aegyptiaca (L.) Del.(desert date). Root, shoot, hypocotyl, and epicotyl callus culture of B. aegyptiaca, were raised on MS basal media supplemented with various combinations of either 2,4-D and NAA alone, or with BAP. The diosgenin content (on a dry weight basis) was found to be highest when calli were cultured in MS basal medium supplemented with 1.0 mg l -1 2,4-D alone and/or in combination with 0.5 mg l -1 BAP. However, the callus growth was highest in media supplemented with 2.5 or 3.0 mg l -1 2,4-D. MS basal media supplemented with 2,4-D 2.5 mg l -1 alone and in combination with 0.5 mg l -1 BAP induced pre-embryogenic callus formation on root cultures. When these pre-embryogenic callus cultures were used to establish cell suspension cultures, two growth densities were obtained in embryogenic suspension cultures, inducing clusters of somatic embryos at various stages of development. The maximum number of somatic embryos were obtained at the fifth week on the medium supplemented with 1.0 mg l -1 2,4-D. However, the diosgenin content in these somatic cells was found to be lower compared to the explant calluses. This study revealed that production of diosgenin in callus cultures of B. aegyptiaca is possible, but the amount is significantly affected by the growth regulators, type of explants, and somatic embryogenesis.
Diosgenin, which is found in very few higher plant species, is a steroidal sapogenin compound which is a natural source of steroidal hormones. Interest in the medicinal property of diosgenin has recently increased in pharmaceutical industries [1] . Studies have found that diosgenin can be absorbed through the gut and plays an important role in the control of cholesterol metabolism [2] . Other authors have reported that it has estrogenic effects [3] and also shows antitumor activity [4, 5] . Studies have also revealed that diosgenin produces changes in the lipoxygenase activity of human erythroleukemia cells and is responsible for morphological and biochemical changes in megakaryocyte cells [6, 7] . Furthermore, diosgenin was found to be the most effective cell death inducer compared to the other two plant steroids (hecogenin and tigogenin) in the human osteosarcoma 1547 cell line [5] . Diosgenin is generally used as starting material for partial synthesis of oral contraceptives, sex hormones, and other steroids [8] . The partial synthesis of steroids from plant-based precursors has been a boon because of the increasing demand for corticosteroids, contraceptives, sex hormones, and anabolic steroids since about 1960 [9] . To date, diosgenin and related steroidal saponins have been commercially obtained from the different tissues of the plant that contains diosgenin; however, it is crucial to discover new and alternative sources of these compounds due to decreasing plant resources as well as increasing demand [10] .
Balanites aegyptiaca (L.) Delile (Zygophyllaceae), popularly known as "desert date," is a spiny evergreen tree. The tree is grown in arid regions of Africa, the Middle East, India, and Burma and is famous for various traditional folk medicines [9] . Studies have shown that steroidal sapogenins are present in all parts of B. aegyptiaca and that most of them are derived from diosgenin [11, 12] . B. aegyptiaca is not confined to medicinal uses; this medium to high growth tree is used for fodder, fire wood, and timber as well. The sweet pulp fruit of B. aegyptiaca is edible and many food products such as juice and an alcoholic beverage are additionally produced from it. Additionally, this Balanites fruit is popular for its molluscides [9] and larvicidal activities [13] . The kernel of the fruit contains a high percentage of oil which is used both for culinary as well as cosmetic purposes [14] . With increasing human demand due to its valuable uses, the tree is being extensively felled [15] . Although the tree regenerates naturally by seed or coppice, Balanites is endangered because of the high rate of deforestation [16] . In this circumstance, an alternate approach would be an advantage which could exploit this currently neglected plant and the in vitro production of natural diosgenin from callus cultures might be an alternative biotechnological approach to diosgenin production. The in vitro production of bioactive secondary metabolites is not limited by seasonal or regional restrictions, and can be accomplished in a controlled environment where the possibility exists to screen for cultures with higher levels of diosgenin production [17] .
Plant species e.g., Dioscorea floribunda, Solanum aculeatissimum, and Trigonella foenum-graecum have already been evaluated for their ability to produce sapogenin in vitro [18, 19] . Sapogenin from mature shoot-derived callus in Balanites agyptiaca has been reported [20] . However, the development of cell lines in suspension or semi solid culture medium, which is a pre-requisite for secondary metabolite production, has been not evaluated in B. aegyptiaca.
In the present study an attempt was made to determine the effects of growth regulators, explants, and somatic embryogenesis on sapogenin accumulation in B. aegyptiaca callus. The production of the sapogenin (diosgenin) by callus cultures of B. aegyptiaca is described.
Effect of PGR and explants on callus growth:
The effect of plant growth regulators (PGR) on callus growth from the root, hypocotyl, shoot, and epicotyl explants of B. aegyptiaca plants were assessed by measuring the dry weight (DW) of the callus on a per tube basis after 5 weeks. The results are presented in Table 1 . In all explants, the callus DW was found to increase with increasing concentration of 2,4-D on MS basal media. In root, shoot and hypocotyl, no significant difference was found in callus DW between 2.5 mgl -1 and 3 mgl -1 2,4-D on MS basal media; however, in the epicotyl, the highest callus DW was found with 3 mgl -1 2,4-D which was also the highest DW among all explants used in this experiment. The same pattern of DW was also found with an addition of 0.5 mgl -1 BAP to 2,4-5 to MS basal media. In 1.0 mg 2,4-D + 0.5 mg BAP treatment, the callus DW was higher in all explants compared to the 1 mg 2,4-D alone. In the root and epicotyl calli, slightly higher DW was found in 2. With supplementation of NAA on MS basal media, the DW was found to be much less than with the 2,4-D supplement. The addition of 0.5 mg l -1 BAP in NAA increased the DW compared to NAA alone; however, it was still less than the 2,4-D and/or 2,4-D and BAP supplement. 
Effect of PGR and explants on diosgenin content:
The level of diosgenin (based on the dry weight) was found to be the highest in 1 mg l -1 2,4-D on MS basal media in all four calli (root, shoot, hypocotyl, and epicotyl) ( Table 2) . Increasing 2,4-D from 1 mg l -1 to 2.5 mg l -1 on MS basal media, significantly decreased the diosgenin content. Diosgenin was decreased 27, 25, 22, and 31 percent when 2,4-D was increased from 1.0 mg l -1 to 2.5 mg l -1 on MS basal media, in root, shoot, hypocotyl, and epicotyl callus respectively. The diosgenin level was further decreased when using 3 mg l -1 2,4-D; however, it was not more significant than the 2.5 mg l Means (n=3) in each column followed by different letters are significantly different at p≤ 0.05. MS basal media supplemented with different conc. of plant growth regulators (PGR) were used for callus induction from various explants. Diosgenin was determined after five weeks growth on culture media.
In both NAA alone at 1.0, 2.0, and 5.0 mg l -1 , or with the addition of 0.5 mg l -1 BAP, on MS basal media, the diosgenin content in all calli was found to be less than either 2,4-D alone or 2,4-D with the addition of BAP. NAA on MS basal media gave the lowest diosgenin in the callus; when 0.5 mgl -1 of BAP was added, the diosgenin content increased. When diosgenin levels with the different concentrations of NAA were compared, the diosgenin level was significantly increased from 1mg l -1 to 2 mg l -1 on MS basal media to all calli, but with an increase in NAA from 2.0 mg l -1 to 5.0 mg l -1 , no significant increase in diosgenin level was found in any callus. In NAA+BAP experiments, the level of diosgenin was found slightly increased compared to sole NAA in all callus.
A significant quantity of diosgenin was detected with 2,4-D and BAP growth regulators compared to NAA and BAP treatments. Hence the effects of 2,4-D and BAP growth regulators were found to be significant for diosgenin and callus growth. Excluding root callus, there was no significant difference in sapogenin accumulation amongst different explant calli. Root calli accumulated a significantly lower amount of sapogenin, as well as callus DW, compared to other explant callus cultures. morphology, and effect of sub-culturing on different culture media (Table 3 ). Callus type 1 showed an initial high growth proliferation but with further subculture, it lost its initial growth rate and embryogenic potential ( Figure 1A ). Callus type 2 had intermediate characteristics ( Figure 1B ). Callus type 3 (preembryogenic callus) derived from root explants showed suitable callus material to maintain them for a long period of time with stable growth characteristics i.e., proliferation and embryogenic potential ( Figure 1C) . They also showed a rapid induction of synchronous somatic embryogenesis ( Figure 1D ).
Cell suspension culture was established from preembryogenic callus (callus type 3) from the rootderived callus; rapid somatic embryogenesis was observed in liquid culture. After 5 weeks, Diosgenin level was measured in the cultures. The number of somatic embryos, as well as diosgenin level, was found to be highly affected by different plant growth regulators ( Table 4 ). The number of somatic embryos was found to be higher in 2,4-D and/or BAP supplementation on MS basal media, compared to NAA and/or BAP. The highest number of somatic embryos (382) was found in 1.0 mg 2,4-D + 0. According to earlier reports [20] , the maximum amount of diosgenin found was 0.5 mg/g of callus DW in mature shoot-derived B. aegyptiaca callus; while in our system, in vitro excised shoot-derived callus accumulated 2.23 mg diosgenin/g callus DW when supplemented with 1 mg l -1 2,4-D on MS basal media, establishing the superiority of the present method. Our result also seems much higher than those of Merkli et al. [21] which reported a 1.25 mg/g DW diosgenin in hairy root culture of Trigonella foenum-graecum, one of the highest diosgenin containing plants. This result suggests that shoot-derived calli are the most suitable starting material for obtaining diosgenin in vitro in B. aegyptiaca.
The results also show that MS basal media supplemented with 2,4-D alone and in combination with BAP, induced significant callus growth but reduced diosgenin accumulation in a dose-dependent manner, which also confirms the earlier report of Solanum aculeatissimum [18] which also revealed that increasing concentrations of 2,4-D inhibit steroidal saponin synthesis as well as callus growth. Our results showed that BAP was effective for diosgenin accumulation when it is used with a lower concentration of 2,4-D in most of the explant calli. The effect of NAA alone or with BAP on callus DW and diosgenin accumulation was not significant (Tables 1 and 2 ). In general, increasing concentration of 2,4-D showed a negative effect on diosgenin accumulation but it induced callus growth in all explants examined. The maximum amount of diosgenin accumulated (2.23 mg/g callus DW) in shoot callus on 1 mg l -1 2,4-D-containing media, followed by hypocotyl, epicotyl, and root callus. These results strongly indicate that selection of explants and growth regulators plays an important role in diosgenin production as reported earlier [19] .
A considerable difference in embryogenic potential, morphology, and response to sub culture among the three types of callus cultures (callus types 1, 2, 3) was found. Callus type 3 (pre-embryogenic callus) continuously cultured for six months on 2.5 mg l -1 2,4-D combined with 0.5 mg l -1 BAP, was found to maintain the initial embryogenic potential and proliferation. However, it was observed that development of somatic embryo from preembryogenic callus and diosgenin accumulation varied significantly amongst different plant growth regulators and number of somatic embryos in callus culture. Furthermore, in all treatments, diosgenin content decreased significantly when callus suspension culture favored somatic embryogenesis. Minimum numbers of somatic embryos (32 to 68/g calli) were obtained in media containing either NAA alone or in combination with BAP where a range of 0.81 to 0.87 mg diosgenin/g callus DW was determined. These results predict a negative correlation between diosgenin accumulation and somatic embryogenesis.
Mass culture of cells in bioreactors has generated considerable research effort in recent decades, especially with rare and slow-growing plant species, but with little attention devoted to commercial application, aside from research done with Panax ginseng for saponin production [26, 27] . Although the results of our study show comparatively less accumulation of diosgenin in pre-embryogenic callus culture than in the explant-derived callus, the achievement of a high proliferation rate of embryogenic callus and its stable production and maintenance system opens up a suitable system for bioproduction of diosgenin in vitro from B. aegyptiaca. Since the demand for diosgenin has increased recently and the plant sources for diosgenin have been limiting, in vitro production of diosgenin from the callus culture of B. aegyptiaca would be a possible alternate. However, further study in this regard would be needed to improve the production potential. Since in vitro production of secondary compounds is an independent system with regard to the environment, this could play a vital role for a continuous and reliable source of diosgenin production which might help to explore the currently most neglected desert plant species, B. aegyptiaca.
Experimental
Plant material: Seeds from ripe B. aegyptiaca fruit were collected from the Balanites orchard maintained by Ben-Gurion University of the Negev at Kibbutz Samar in southern Israel. Authentication of the plant was carried out by Prof. Uzi Plitman from the herbarium in the Hebrew University of Jerusalem. Voucher specimen (76816) was deposited in the herbarium of the Hebrew University of Jerusalem. The seeds were surface sterilized with 90% (v/v) ethanol for 1 min, washed three times with sterilized distilled water, surface sterilized again with 3.5% aqueous sodium hypochlorite containing a few drops of Tween 20 (Sigma) for 10 min, and finally rinsed three times in sterile double-distilled water. The seeds were then placed in tubes containing enriched MS [22] medium prepared by supplementing with 3% sucrose, gelled with 0.8% (w/v) Phytagel™ (Sigma), and adjusted to pH 5.7, followed by autoclaving at 121ºC and 104 kPa for 20 min. Saponin extraction: Balanites callus of the roots, shoots, hypocotyls, and epicotyls obtained from solid media was dried in an oven at 50ºC for 72 h and powdered mechanically. In case of the suspension culture the callus was separated from liquid media by filtration through Whatmann-1 filter paper and callus mass rinsed twice with de-ionized water, then dried and powdered. The powder was defatted using nhexane. The n-hexane defatted powder was first extracted by methanol and the methanol was evaporated to dryness using a rotary evaporator. The methanol extract was dissolved in a small amount of water and loaded over the packed column filled with Diaion HP-20 (Supelco, USA) and washed successfully first with water and then 40% methanol. Finally, the saponin was eluted with 95% methanol and the solvent removed under reduced pressure as described by Chapagain and Wiesman, [14] .
Diosgenin determination: Diosgenin was determined as described by Baccou et al. [23] and Uematsu et al. [24] , with some modification by Chapagain and Wiesman [14] . Standard sapogenin (diosgenin) and p-anisaldehyde (4-methoxybenzaldehyde) were purchased from Sigma. Sulfuric acid and ethyl acetate were analytical grade and obtained from Frutarom. The diosgenin level was determined by measuring absorbance at 430 nm, based on the color reaction with anisaldehyde, sulfuric acid, and ethyl acetate. In brief, two color developing reagent solutions were prepared: (A) 0.5 mL p-anisaldehyde and 99.5 mL ethyl acetate, and (B) 50 mL concentrated sulfuric acid and 50 mL ethyl acetate. To 200 µg of the crude saponin callus extract in a glass tube was placed 1 mg of defatted crude saponin extract of callus powder dissolved in 1 mL methanol, and 200 µl of this solution was placed in another tube; the methanol was evaporated under reduced pressure. This residue was dissolved in 2 mL of ethyl acetate; 1 mL each of reagents A and B were added to the tube and stirred. The test tube was placed in a water bath maintained at 60ºC for 10 min. to develop color, then allowed to cool for 10 min. in a 25ºC water bath. The absorbance was measured in a spectrophotometer (V-530-UV/VIS, JASCO Corp., Japan). Ethyl acetate was used as a control for the measurement of absorbance. As a reagent blank, 2 mL ethyl acetate was placed in a tube and assayed in a similar manner. For the calibration curve, 2-40 µg standard diosgenin in 2 mL ethyl acetate was used.
Data analysis:
For each treatment at least six glass tubes (9x3 cm) containing four explants in each were used for callus growth (as dry weight) and diosgenin determination. Five flasks were used for each treatment for cell suspension culture. Results were statistically analyzed with JMP software [25] , using the Tukey-Kramer HSD test for determining significant differences among treatments at p ≤ 0.05.
